In this paper, it is presented a collection and a critical review on the most significant research done on unreinforced masonry, types of testing, behavior and strengthening techniques to improve structural its structural performance. Furthermore, these researches are categorized and critically analyzed to benefit verities of them and help further understand behavior of URM.
Introduction
Masonry, together with timber, is the oldest building material and one of the widely-used construction methods around the world. It is still used nowadays due to low material costs, good sound and heat insulation, locally availability, aesthetics and simplicity of construction. The construction technique which consists of assembling bricks, stone or block units on top of each 
Masonry flexural tensile strength
Masonry flexural tensile strength is mainly governed by the bond between the brick units and the mortar type. As in the compressive strength, the tensile strength of masonry is lower than the individual tensile strength of its constituents.
As it is difficult to achieve a relationship between masonry tensile strength to its compressive strength due to different shapes, material and manufacture processes, Hendry et al., from their research, observed that the tensile strength of masonry varies between 0.2-0.8 MPa (Hendry et al., 1997) . Tomazeviç, on the other hand, proposed a correlation between tensile and compressive strength of masonry as follows (Tomazevic, 1999) : (2) where is masonry compressive strength and is masonry tensile strength. Schubert 1988 , suggested that the tensile strength of masonry is 0.03-0.1 times the compressive strength (Schubert, 1988) .
Masonry shear strength
The shear strength under zero normal stress is one of the parameters required for prediction of numerical model for masonry as its exact definition plays a crucial role in the prediction of masonry behavior under seismic actions.
Crisafulli et al., (Crisafulli et al., 1995) and Hendry et al. (Hendry et al., 1997) suggested that the basic form of the shear strength of unreinforced masonry is based on the Mohr Coulomb shear friction expression:
where : shear strength at the shear bond failure; : shear bond strength at zero normal stress due to adheration strength of mortar; : internal friction coefficient between brick and mortar; : normal stress at bed joint.
The most common tests that are used to determine masonry shear strength are as follow: ii) Shear-compression test: firstly, performed by Turnsek and Sheppard in Slovenia (Turnsek & Sheppard, 1980 
Additionally, the shear modulus, G, can be determined from:
The failure of the specimen usually occurs with the panel splitting apart parallel to the direction of the load. Development of cracks initially starts at the center and continues mainly along the mortar joints and, in some cases, through the bricks. (RILEM TC, 1994) considers modeling of the masonry panel as it is an isotropic homogeneous material and running a linear analysis; but the stress state at the center of the specimen is not in a pure shear state:
RILEM LUM B6
….. (6) ….. (7) The tensile strength is evaluated by: (Martinelli et al., 2010) .
The diagonal compression test is largely used by many researchers who have studied the improvement of structural behavior of unreinforced masonry (Corradi et al., 2002; Faella et al., 2010; Borri et al., 2011; Ismail et al., 2011; Mahmood & Ingham, 2011; Kalali & Kabir, 2012; Dizhur & Ingham, 2013; Milosevic et al., 2013; Mustafaraj, 2014; Yardim & Mustafaraj, 2015; Yardim & Lalaj, 2016; Mustafaraj, 2016a Mustafaraj, , 2016b .
Elastic Modulus of masonry
One of the difficulties when calculating stiffness of masonry is the nonlinear behavior of it. Obtaining the Modulus of Elasticity from just the linear part of the stress-strain diagram is virtually impossible due to micro-cracks development at relatively low loads.
The Modulus of Elasticity of masonry (E m ) is calculated as the modulus of the chord of the linear part of the masonry compression stress-strain curve, typically defined to be between 5% and 33% of the ultimate masonry compressive strength (f' m ) (ASTM, 2003).
….. (9) ….. (10) …. (11) However, various design standards are using different formulas to calculate the modulus of elasticity (Table 2) . Sahlin, 1971; Crisafulli et al., 1995 40 Drysdale et al., 1994 Lumantarna, 2012 ASCE, 2007 where E m is the elastic modulus of masonry, f' m is the compressive strength of masonry and f cb is the compressive strength of bricks.
Shear Modulus of masonry
The shear modulus (also known as modulus of rigidity), G, is a parameter calculated by the ratio of the shear stress to shear strain, measured as the secant modulus between 5% and 70% of the maximum shear stress, , in the shear stress-horizontal drift, , curve along the initial loading arm prior to (Dizhur & Ingham, 2013; Lin et al., 2014) .
It may also be calculated by: (12) where ⁄ is the shear stress for a load of 1/3 of the maximum load and ⁄ is the corresponding shear strain (Milosevic et al., 2013) .
The shear stiffness decreases substantially after cracking due to bed joint sliding or diagonal tension crack opening. The relationship between the Modulus of Elasticity and shear strength is given as follows:
…. (13) where: is the Poisson's ratio (adopted , as suggested by Harris, [Harris, 1988] and Pande et al., (Pande et al., 1998) , for unreinforced masonry).
In literature, there are found various estimations of shear stiffness that relate Modulus of Elasticity, E m , or the compressive strength of brick masonry, f' m . (Table 3) . Alcocer and Klinger, 1994 (for masonry with high-strength brick units);
(for masonry with low-strength brick units)
where G m and E m are shear and elastic modulus, respectively. 
Traditional Retrofitting Techniques
Traditional techniques such as: i) filling cracks and voids by grouting; ii) stitching of large cracks and weak areas with metallic or brick elements; iii) external or internal posttensioning with steel ties; iv) shotcrete jacketing; v) ferrocement and vi) center core vii) confining using RC tie columns (Kalali & Kabir, 2012; Triantafillou, 1998) .
Surface Treatment: It is a technique that covers the exterior face of masonry by affecting the architectural appearance of the structure. It consists on constructing a steel or polymer mesh, coated by high strength mortar, around the exterior of the structure. This system confines the masonry after cracking and increases the ultimate load resistance. The surface treatment improves the out-of-plane resistance and reduces any "arching action". However, application of this technique seriously affects the architectural properties and the lack of "breathing" of the wall may accelerate degradation.
Ferrocement jacketing:
This technique is applied by embedding closely spaced meshes of fine rods with reinforcement ratio of 3-8% in high strength (15-30 MPa) cement-mortar layer of 10-50 mm thickness. The typical mortar mix consists of cement: sand ratios of 1: (1.5-3) with a w/c ratio of 0.4 (Montes, 2001) . It causes considerable increase in stiffness. Strengthening of pre-damaged URM walls can restore the original capacity and stiffness. Ferrocement can control crack formation as it has high flexural and shear strength. It has been subject of many studies for both unreinforced masonry (Mustafaraj & Yardim, 2016a , 2016b as well as concrete structures (Rosenthal, 1986; Winokur & Rosenthal, 1982; Razvi & Saatcioglu, 1989 advantages of ferrocement such as considerably low price and ability to be completed with unskilled workers, make it an ideal solution for low cost housing.
Reinforced Plaster:
This technique is achieved by applying a thin layer of cement plaster over high strength steel reinforcement (diagonal bars or horizontal mesh). It was observed that in diagonal tension tests and static cyclic test, the in-plane resistance was increase by 1.25-3 times (Jabarov et al., 1980) .
Grout and epoxy injection:
It is applied by injecting grout into pre-drilled holes on the wall. The main purpose is to restore original integrity and to fill the voids and cracks which are present in the wall. Injection is sustainable and may also be able to restore the initial strength of masonry. However, the success of this technique lies on the fact that the mechanical properties of the grout mix are compatible with the physical and chemical properties of the masonry that is to be retrofitted.
Traditional strengthening techniques offer a suitable method for improving the structural behavior of URM buildings, but there are some limitations such as: time consuming to be applied, reduction of available space, affecting the aesthetics etc. Furthermore, the additional weight of the reinforcing techniques may also increase the earthquake induced inertial forces and may require strengthening of the foundations as well.
Modern Strengthening techniques
Development of new materials and techniques came as a necessity to overcome the limitations of traditional strengthening techniques. The reinforced polymers are an efficient alternative, as they improve the behavior of masonry elements under monotonic, seismic and explosive loads. Additionally, since the added mass and stiffness are negligible, the dynamic properties of the reinforced structure will not be altered. Some of the most used techniques are as follow: On the other hand, some of the disadvantages of FRP are: the difficulty on removal of FRP, the used resins are highly flammable and give off toxic vapors when burned; additional fire protection measures must be taken when implementing such a system; when exposed to ultraviolet light the resin slowly becomes brittle; the long-term reliability of FRPs is largely unproven; and FRPs are impermeable to moisture transport. For a successful application of FRPs, surface preparation is required as unfilled cracks or unsmoothed irregularities can cause premature debonding.
In many cases, FRP retrofitting techniques may be inadequate for heritage or historic constructions because of lack of compliance with conservation principles resulting from excessive invasivity and non-removability. It may be advisable to use a technique composed of 44 traditional materials such as wood or ceramics glued on the wall surface and anchored with mechanical devices (Roca & Araiza, 2010) .
Retrofitting of URM wall with FRP is a promising technique as it was observed that FRP improves the in-plane lateral resistance by 1.1-3 times and the out-of-plane resistance by more than 7 times. An important factor that has a big influence in the behavior of FRP reinforced URM is the reinforcement ratio. It was observed that the increase in the thickness of reinforcing fibers slightly increases the load carrying capacity of the masonry wall. However, this fact is valid up to a certain level of thickness (Hamoush et al., 2003) .
Valluzzi et al., investigated the efficiency of an alternative shear reinforcement technique, such as strengthening of brick masonry panels with by Fiber Reinforced Polymer (FRP)
laminates using different reinforcement configurations. They conducted experiments to study the shear behavior of masonry panels reinforced with FRP laminates by testing in diagonal compression a series of nine unreinforced masonry (URM) panels and 24 strengthened panels were subjected to diagonal compression tests. As it was seen from the results, double-side configurations provided a less brittle failure and a noticeable ultimate capacity increase (Valluzzi et al., 2002) .
According to the modern codes, safety evaluations of URM structures is clearly based on quantitative assessment of performances. Borri et al, in their study were focused on the shear behavior of masonry panels subjected to in situ diagonal compression tests on both unreinforced (mainly focused on diagonal cracking failure mode) and reinforced panels. The reinforced panels were tested to investigate the effectiveness of the methods of repair by comparing the traditional methods (deep repointing and FRP jacketing) with the innovative seismic-upgrading techniques "Reticolatus" method, embedding a continuous steel mesh cord in mortar joints whose nodes are anchored to the wall by means of transversal metal bars (Borri et al., 2011) .
Conclusion
As it was seen from the literature survey, one of the main obstacles in analyzing the structural behavior of URM structures lies in the heterogeneity of the composite material (masonry assemblage) and the variability of mechanical parameters of masonry constituents (brick and mortar). Masonry properties are strongly related to brick's and mortar's properties, but it is the mortar layer the weakest link of masonry assemblage.
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The most important property to be observed is the structural behavior of the URM building during earthquakes. The overall seismic performance depends on the capacity of inplane walls to safely transfer the lateral loads to foundations. In this way, the masonry walls provide the post-earthquake stability necessary to avoid collapse of the entire structure.
Simulation of this type of structural behavior can be achieved by inducing a diagonal compression force on a representative masonry wall panel of a standard dimension of 1.2m x 1.2m x 0.25m. As it is inferred in Section 2.5, the diagonal compression test has been a widelyused procedure to determine masonry shear strength and other shear related parameters for masonry.
It was seen that most of the researches were mainly focused on the undamaged state of the wall panels, considering only two types of specimen: either plain (unstrengthened) or strengthened. The implementation of the abovementioned techniques was done accordingly either on laboratory constructed panels or on existing vintage masonry. The studies were mainly focused on panels made of the same mortar mix and the comparisons were done only based on the applied techniques.
Traditional strengthening techniques offer a suitable method for improving the structural behavior of URM buildings, but there are some limitations such as: time consuming to be applied, reduction of available space, occupancy disturbance, building operation disruption and affecting the aesthetics of the existing wall. Furthermore, the added mass can also increase the earthquake induced inertial forces and may require strengthening of the foundations as well.
Modern strengthening techniques, on the other hand, provide an efficient alternative, as they improve the behavior of masonry elements without altering the dynamic properties of the reinforced structure. As stated earlier, masonry is good to bear compressive stresses but very weak in tension and shear, therefore polymeric materials which are very good in tension should be used for strengthening. Nevertheless, it should be subject of a very careful design, because if the areas subjected to compressive forces are reinforced, it would make this method ineffective.
In conclusion, it should be emphasized that, due to the masonry characteristics, analyzing the structural behavior of URM structures is a challenging task for engineers, it requires a careful experimental testing and a good engineering judgement.
